D espite recent advances in the understanding of neuronal death during cerebral ischemia in adult rodent models, only a few reports discuss neonatal ischemia. Reduction of oxygen supply during the perinatal period may affect central nervous system development and lead to neurological dysfunction. 1 The traditional model of neonatal hypoxia-ischemia in a 7-day-old rat was that of a permanent unilateral carotid ligation followed by a hypoxic episode of several hours. 2 This results in a lesion similar to that observed in the full-term infant who has undergone a hypoxic-ischemic episode such as perinatal asphyxia. To investigate the acute and long-term pathophysiology of neonatal stroke, particularly the phenomenon of reperfusion injury 3, 4 and its sequelae in the developing nervous system, new models of transient focal ischemia were recently developed in rats aged 14 to 18 5 See Editorial Comment, page 1461 and 10 6 days. However, there is no model of ischemia with reperfusion in 7-day-old rat pups, although reperfusion has been reported to be a deleterious event in young 7 and adult 8 rats. Previous neuropathologic studies showed that at this stage of development the animal's brain is histologically similar to that of a stillborn infant. 3, 9 In addition, it was recently demonstrated that the rodent and primate models could be used for long-term neurological and behavioral outcome experiments, whereas the fetal sheep, newborn lamb, and piglet models are well suited for the study of acute and subacute metabolic and physiological end points. 10 In adult cerebral ischemic models, two types of neuronal cell death have been described: apoptosis and necrosis. Since 1993, an increased number of reports suggest that neuronal death after cerebral ischemia in rodents occurs through an apoptotic pathway (for review, see References 11 and 12) . Strong evidence of apoptosis has been provided by combining DNA gel electrophoresis, light and electron microscopy, in situ DNA nick end-labeling assessed by TUNEL staining, and apoptosis-associated gene expression. 13, 14 Necrosis was shown to occur in the core of the ischemic lesion, a zone in which the degree of injury was severe. In contrast, apoptosis was mainly detected in the periphery, termed the penumbra. 15, 16 Internucleosomal DNA fragmentation in the cortex, hippocampus, striatum, and thalamus was reported after unilateral occlusion and exposure to hypoxia in 7-day-old rats. 17 These data demonstrated that cell death involves the action of the specific endonuclease that is accepted as the hallmark of apoptosis in other systems 18 and is not the result of classic necrosis.
The objective of the present report was to develop a model of transient unilateral cerebral ischemia in 7-day-old rats. The combination of permanent left MCA electrocoagulation and transient left carotid occlusion induces neuronal death in the ipsilateral cortex. We then analyzed the temporal profile of cells undergoing apoptosis by the use of the TUNEL assay and electron microscopy to detect nuclear changes. Part of the present investigation has been reported in abstract form.
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Materials and Methods
Focal Ischemia Model
Experiments were performed in strict accordance with guidelines of the National Institutes of Health and the French Department of Agriculture (license No. 01352). Ipsilateral focal ischemia was induced in 7-day-old Wistar rats (weight, 17 to 23 g; nϭ96) of both sexes. Pups were anesthetized with an intraperitoneal injection of chloral hydrate (300 mg/kg). After 15 minutes, rats were placed on their backs, and a median incision was made in the neck to expose the left common carotid artery. Rats were placed on the right side, and an oblique dermal incision was made between the ear and eye. After excision of the temporal muscle, the cranial bone was removed from the frontal suture to a level below the zygomatic arch. The left MCA, exposed just after its apparition over the rhinal fissure, was permanently electrocoagulated at the inferior cerebral vein level before the MCA bifurcated into frontal and parietal branches ( Figure  1 ). After this procedure, a clip was placed to occlude the left common carotid artery (Figure 1 ). The vascular clip was removed after 60 or 90 minutes. Carotid blood flow restoration was verified with the aid of a microscope. Both neck and cranial skin incisions were then closed. The duration of this procedure was 20 minutes. During the surgical procedure, body temperature was maintained at 37°C to 38°C by means of a heating pad. Rat pups were then placed in an incubator maintained at 37°C until they awoke, and then they were transferred to their mothers for the long-term survival period.
This new model was compared with a model of permanent MCA occlusion alone and with a model of transient (1-hour) carotid artery occlusion alone. Sham-operated brains and control pups were used as controls.
Measurement of Infarct Volume
Neuropathologic evaluation of brain injury at 48 hours of recirculation (gliosis being detected at 72 hours) was accomplished with the use of the mitochondrial stain 2,3,5-triphenyltetrazolium chloride (nϭ5), as previously reported. 20, 21 In another set of animals (nϭ6), pups were killed and brains were removed and frozen in isopentane (Ϫ40°C). Cryostat coronal sections were stained with cresyl violet. On each section, cortical areas of infarction were measured with an image analyzer (IMSTAR). The volume of infarction was calculated by integrating the necrotic areas.
Tissue Preparation
Cell death studies were performed in a separate set of animals subjected to left MCA electrocoagulation and 1 hour of left common carotid artery occlusion. Rats were killed at various times after reperfusion (4 to 96 hours, 7 and 14 days, 1 and 3 months; nϭ6 each). Rats were perfused through the ascending aorta under deep anesthesia (chloral hydrate, 300 mg/kg) with warm heparinized saline followed by PBS (0.12 mol/L, pH 7.4) containing 4% paraformaldehyde. Brains were then removed, kept for 2 hours in the same fixative solution, and placed in 0.1 mol/L PBS containing 10% sucrose for 2 days. Brains were rapidly frozen in isopentane (Ϫ40°C) and subsequently stored at Ϫ70°C until used. Coronal cryostat sections (20 m thick) were collected on gelatin-coated slides.
For electron microscopy, rats at 24 hours of recirculation (nϭ2) were anesthetized with chloral hydrate and perfused with 50 mL of saline followed by 150 mL 4% paraformaldehyde and 1% glutaraldehyde in 0.1 mol/L PBS (pH 7.4). Brains were removed, kept 
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MCA ϭ middle cerebral artery PBS ϭ phosphate-buffered saline TdT ϭ deoxynucleotidyl transferase TUNEL ϭ terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling overnight in the same fixative, and cut with a vibratome (50 m thick). Selected areas were processed for electron microscopy by postfixation in 1% osmium tetroxide for 2 hours, washed in PBS, dehydrated in ethanol, and embedded in epoxy resin (Epon/Araldite). Polymerization was made at 60°C for 48 hours. Blocks were cut on a Reichert ultramicrotome in 1-m-thick sections and stained with toluidine blue for light microscopy. Ultrathin sections (100 to 200 nm) were poststained with uranyl acetate and lead citrate and viewed with a Phillips EM 300 electron microscope.
Silver Staining Procedure
We used the method of Gallyas et al 22 modified by Nadler and Evenson 23 to visualize both degenerating terminals and cell bodies of neurons and lysosomes that bind silver (ie, become argyrophilic). Briefly, the staining procedure included alkaline pretreatment, silver impregnation, development at pH between 5.5 and 6.3, washing in acetic acid, dehydration, and mounting in Permount.
In Situ Labeling of Fragmented DNA
Coronal cryostat sections were processed for TUNEL assay as previously reported. 24 Briefly, sections were incubated with TdT (0.2 U/L; Gibco) and biotin-16-dUTP (20 mol/L; Boehringer Mannhein), then visualized with streptavidin-biotin-peroxidase complex and diaminobenzidine. Cells exhibiting DNA fragmentation (TUNEL positive) were counted in the cortex by the use of a ϫ20 objective. Counting was performed by an investigator who was blinded to the experimental protocol. Data are presented as meanϮSD per tissue section.
Results
Neither permanent MCA occlusion alone nor transient carotid occlusion alone in 7-day-old rat pups induced an ischemic lesion visible at 96 hours. A reproducible ischemic lesion was found when permanent left MCA electrocoagulation associated with 1 hour of left carotid occlusion was performed ( Figure 1 ). All pups showed an infarct, and fewer than 10% of animals died during the first 2 hours of reperfusion. In contrast, all pups subjected to permanent left MCA electrocoagulation associated with more than 1 hour of left carotid occlusion died during the procedure.
Histology
Examination of cresyl violet sections with recovery periods of less than 6 hours did not show detectable differences between the two cerebral hemispheres. At 18 to 48 hours of recovery, the ipsilateral hemisphere appeared slightly larger than the opposite hemisphere (18% edema). Infarct lesion (determined by pale cresyl violet and TTC staining) was located in the cerebral cortex, and the mean infarct volume was 31Ϯ7 mm 3 (nϭ10). Figure 2 depicts the six serial cross-sections, with the black shaded area indicating the mean area of infarction for that section at 48 hours of reperfusion. Slight damage in the head of the caudate putamen was detected in 20% of animals (18 of a total of 96 pups; Figure 3A ). During the next 2 weeks, the infarct evolved into a smooth-walled cavity that was more visible at posterior levels; the volume of the ipsilateral hemisphere was reduced compared with the contralateral side ( Figure 3C ). Three months after transient ischemia, the ipsilateral hemisphere was significantly reduced compared with the contralateral hemisphere and showed a well-delineated lesion in the frontoparietal cortex ( Figure 3D ). High magnification of cresyl violet staining demonstrated cells with pyknotic nuclei and chromatin clumping at 48 hours of reperfusion ( Figure 3B ).
Cell Death
With the selective Gallyas silver staining, silver-impregnated cell bodies were seen in the cortex at 6 hours after ischemia ( Figure 4A and 4B), and they increased with time of recirculation. TUNEL labeling was detected in a few scattered cells of the sham-operated or control rat pup brains, which corresponds to the programmed cell death that occurs during development. In contrast, TUNEL-positive nuclei appeared as early as 4 hours of reperfusion in the frontoparietal cortex, increased up to 24 hours ( Figure 4C and 4D and Figure 5 ), and remained stable until 96 hours ( Figure 5) . A progressive decrease in the number of apoptotic cells was observed from 7 to 30 days ( Figure 5 ). The stained nuclei showed the morphological criteria of apoptosis, ie, cytoplasmic shrinkage and cytoplasmic membrane convolutions, chromatin condensation below the nuclear membrane, followed by fragmentation of the nucleus into rounded or oval bodies (apoptotic bodies, Figure 4E through 4G). Necrotic cells, detected by diffused nuclear and cytoplasmic staining, 24 were not detected in normal and sham-operated rats or in the contralateral hemisphere of ischemic pups. A few necrotic cells were evident in the MCA site, probably due to a mechanical tissue lesion during the surgical procedure ( Figure 4G ).
Semithin plastic sections through the cortex of animals killed at 24 hours after reperfusion were examined. Neurons in the contralateral cortex appeared unaffected, showing clear cytoplasm and nuclei (not shown). Ipsilaterally, dying neurons in the early and late stages of degeneration exhibited abnormal morphology ( Figure 6A) . At the ultrastructural level, neurons in the early stages of degeneration exhibited dark nuclei and cytoplasm with chromatin coalescence beneath the nuclear membrane. All organelles were well preserved ( Figure 6C ). In the late stage of degeneration, neurons showed a prominent cytoplasmic shrinkage with abnormal cytoplasmic organelles. A particular condensation and segregation of the chromatin was observed ( Figure   Figure 2 . Representative cross-sections from the brain of ischemic rat pups (nϭ6) are depicted from anterior (left) to posterior (right). The darkened areas represent the mean percent area of infarction for that group at the particular cross-sectional level. The mean (ϮSD) percent area of infarction is given under each section. 6D). These ultrastructural results are consistent with apoptotic neuronal death.
Discussion
The major objectives of the present investigation were twofold: (1) to induce ischemia by permanent and/or transient occlusion of artery(ies) in neonatal (P7) rats and (2) to determine whether immature ischemia-induced cell death markedly exhibited features of programmed cell death (apoptosis). The data presented here show that permanent left MCA occlusion associated with 1 hour of left carotid occlusion produced a cortical infarct in 7-day-old rats, and the majority of injured neurons demonstrated punctate condensed chromatin indicative of apoptosis.
No ischemic lesion after occlusion of the MCA alone was found in neonatal rats, as previously described in a model of 20-day-old rats. 25 The numerous anastomoses between cerebral arteries (anterior, middle, and posterior) in rat brain are so efficient that they protect MCA cerebral territory from ischemic injury. 26 In contrast, the association of transient homolateral carotid artery and permanent MCA proximal occlusion probably created a situation of low cerebral blood flow in the ipsilateral hemisphere that was sufficient for anastomoses to no longer be efficient despite Willi's polygon. However, anastomoses may allow a secondary recirculation phase after removal of the carotid artery microclip. This recirculation was difficult to prove without a study of cerebral blood flow in different cerebral arteries and anastomoses. We were unable to determine these measurements because of the age of the rat pups. However, detection of polymorphonuclear cells and macrophages in and around the ischemic lesion is good evidence of the blood-brain barrier opening and the occurrence of an inflammatory response, respectively. 27 In the newborn, stroke models have been difficult to develop, and few studies have been published in which infarct volume or cerebral blood flow has been measured. Compared with the model of Rice et al, 2 which associated permanent unilateral carotid occlusion and hypoxia (FIO 2 8%) for 1 hour in 7-day-old rat pups, our model has a reperfusion phase in the anatomoses through the carotid artery. Recently, two authors described new models of transient ischemia in young rats 5, 6 that could not be considered pure neonatal stroke models but rather juvenile stroke models. They performed MCA occlusion using an endovascular nylon filament. The filament was removed after 1 hour, allowing recirculation. However, the models of both Aschwal et al 5 and Mitsufuji et al 6 used rats older than 7 days (14 to 18 and 10 days old, respectively), but many biochemical, physiological, and anatomic changes occur in the rat pup between day 7 and days 14 to 18. 28 In the model of Mitsufuji et al, the survival rate was very poor (27.8% of rat pups died during the occlusion period, and 38.5% of the surviving rats died within the first hour of reperfusion). In our conditions, almost all of the animals survived and displayed a smaller infarct size than that obtained in 7-day-old Wistar rats after hypoxic-ischemic injury 29 or reversible MCA occlusion with the use of filament in 14-to 18-day-old spontaneously hypertensive rats. 5 Damage in pup brains was limited to the MCA distribution, similar to that seen in rat adult brains. 30, 31 The small variability of ischemic area, at the level of the head of the caudate putamen, that we found may be a direct consequence of the different anatomic variations of the MCA division arteries before or after the level of the inferior cerebral veins. 32, 33 In contrast to hypoxic-ischemic exposures in immature rat brain, we did not observe either prominent white matter injury 2 or damage in the different zones of the hippocampus. 34 Furthermore, the reduction in thickness and the loss of the frontoparietal cortex were complete at 3-month recovery without a compensatory dilation of the lateral ventricle, as previously reported. 35 Towfighi et al 35 reported time-dependent neuropathologic evolution after neonatal ischemia. Two recent studies, in which genomic DNA gel electrophoresis and in situ labeling of nuclear DNA fragmentation were used, demonstrated that neuronal death was indicative of apoptosis after hypoxia-ischemia. 17, 36 Permanent left MCA and 1-hour left carotid occlusion in rat pups induced principally apoptosis, as assessed with the TUNEL assay and electron microscopic analysis. Morphological analysis of TUNEL-positive cells showed conspicuous chromatin condensation and apoptotic bodies. The characteristic features of apoptotic cell death are now well documented in several pathologies in the central nervous system (for review, see References 9 and 10). A karyorrhexic or apoptotic morphology with TUNEL-labeled punctate chromatin predominates in our neonatal transient focal ischemia model, as previously reported in rat pup 37 and newborn piglet. 38 Since this is not the case in the adult ischemic rat in which apoptosis and necrosis were generally reported to occur, 16, 39, 40 these data suggest that immature neurons may be more prone to apoptotic death, while terminally differentiated neurons exhibit pyknosis or die by necrosis. Furthermore, a prolonged presence of TUNEL-positive nuclei from 6 hours to 30 days after reperfusion suggests that cell damage in this model is a persistent and ongoing process, as previously reported after MCA occlusion in adult rats. 15 Electron microscopic analysis demonstrated that neurons die through an apoptotic process (chromatin condensation and segregation), as previously reported after transient focal ischemia in adult rats. 41, 42 These apoptotic features are in agreement with recent data demonstrating that in our model the apoptosis-associated proteins p53 and Bax, which are not or are basically expressed, respectively, in control situations, are sequentially upregulated in neurons exhibiting DNA fragmentation, 43 suggesting that neuronal apoptosis is an important event in the developing central nervous system. The presence of the same karryorrhexic morphology and the formation of apoptotic bodies in pontosubicular necrosis in the human neonate [44] [45] [46] are noteworthy.
In conclusion, the two models of cerebrovascular injury in 7-day-old rat pups-the model of unilateral carotid ligation and 8% O 2 according to Rice et al 2 (1981) and our ischemiareperfusion model-can be considered complementary since they examine two different types of cerebral insults (hypoxicischemic injury and stroke). The clinical relevance of developing a model of neonatal stroke has become apparent over the past decade as neuroimaging studies have convincingly demonstrated that such lesions are more common than previously recognized and account for serious neurological morbidity. [47] [48] [49] The main advantage of our model is the reperfusion phase in a P7 rat, which is truly neonatal and more relevant to distressed infants. This reperfusion mimics processes that occur during neonatal human hypoxic-ischemic encephalopathy at birth, since perinatal intensive care most often permits recirculation. Furthermore, a well-defined infarct is created by occlusion of arteries rather than a hemispheric ischemic insult caused by ligation of one artery in combination with a severe hypoxic insult to the entire brain. Thus, our data demonstrating apoptotic neuronal death may lead to further advances in therapeutic approaches for the preservation of neurons in neonatal stroke.
